Plants frequently experience heat ramps of various severities, but how and to what degree plant metabolic activity recovers from mild and severe heat stress is poorly understood. In this study, we exposed the constitutive terpene emitter, Solanum. lycopersicum leaves to mild (37 and 41 C), moderate (46 C) and severe (49 C) heat ramps of 5 min and monitored foliage photosynthetic activity, lipoxygenase pathway volatile (LOX), and mono-and sesquiterpene emissions and expression of two terpene synthase genes, b-phellandrene synthase and (E)-b-caryophyllene/a-humulene synthase, through a 24 h recovery period upon return to pre-stress conditions. Leaf monoterpene emissions were dominated by b-phellandrene and sesquiterpene emissions by (E)-b-caryophyllene, and thus, these two terpene synthase genes were representative for the two volatile terpene classes. Photosynthetic characteristics partly recovered under moderate heat stress, and very limited recovery was observed under severe stress. All stress treatments resulted in elicitation of LOX emissions that declined during recovery. Enhanced mono-and sesquiterpene emissions were observed immediately after the heat treatment, but the emissions decreased even to below the control treatment during recovery between 2 and 10 h, and raised again by 24 h. The expression of b-phellandrene and (E)-b-caryophyllene synthase genes decreased between 2 and 10 h after heat stress, and recovered to pre-stress level in mild heat stress treatment by 24 h. Overall, this study demonstrates a highly sensitive heat response of terpenoid synthesis that is mainly controlled by gene level responses under mild stress, while severe stress leads to non-recoverable declines in foliage physiological and gene expression activities.
Introduction
Average global temperature has been estimated to have increased by 0.76 C during the 20th century and it is further expected to increase by 1.8 À 4.0 C by the end of this century (Hansen et al., 2006; IPCC, 2007) . Elevated temperatures constitute a major stress for plants restricting their growth and survival, altering the distribution of species and affecting the productivity of natural ecosystems and crops worldwide (Allen et al., 2010; Ainsworth and Ort, 2010) . The effects of heat stress depend on the severity of heat stress with mild stress resulting in reversible inhibition of foliage photosynthetic characteristics, while severe stress leading to sustained reduction in photosynthesis or even to time-dependent decline after return to lower temperatures (Sharkey, 2005; Schrader et al., 2007; Hüve et al., 2011; Copolovici et al., 2012; Niinemets, 2010a) . Irreversible and progressive reduction in photosynthetic activity is also associated with the release of volatile ubiquitous stress-induced volatiles, the products of lipoxygenase pathway (LOX products, also called green leaf Abbreviations: CAC, clathrin adaptor complex; DNAJ, DnaJ-like protein; GLM, generalized linear model; HSP, heat shock protein; LOX, lipoxygenase pathway; M A , leaf dry mass per area; MEP/DOXP pathway, 2-C-methyl-D-erythritol 4-phosphate/ 1-deoxy-D-xylulose 5-phosphate pathway; MVA pathway, mevalonate pathway; qPCR, quantitative PCR; RPL8, ribosomal protein L8; SAND, SAND family protein; TBP, TATA-box binding protein; TPSs, terpene synthase; VOCs, volatile organic compounds.volatiles), reflecting damage at membrane level (Copolovici et al., 2012; Loreto et al., 2006) .
Apart from stress-induced LOX-emissions, several plant species are characterized by constitutive emissions of volatile organic compounds including isoprene, mono-and sesquiterpenes (Sharkey et al., 2013; Fuentes and Wang, 1999; Harrison et al., 2013; Fineschi et al., 2013) . Under non-stressed conditions, these emissions typically consume 1-2% of photosynthetic carbon, but these emissions can consume even more than 10% of photosynthetic under stress conditions, in particular under high temperature stress (Fuentes and Wang, 1999; Sharkey et al., 2008; Guenther et al., 1993; Niinemets, 2010b; Fatouros et al., 2012; Copolovici et al., 2014) . In fact, these constitutive emissions have been associated with enhanced tolerance of heat stress, either operating directly by improving membrane heat resistance (Sharkey et al., 2008; Singsaas et al., 1997; Loreto et al., 1998; Copolovici et al., 2005; Sharkey et al., 2001; Llusia et al., 2005) or indirectly by serving as membrane-dissolved antioxidants that can quench free-radicals formed upon heat stress Vickers et al., 2009 ). In addition, heat stress can not only enhance constitutive emissions, but can itself result in induction of volatile isoprenoid release (Staudt and Bertin, 1998; Kleist et al., 2012; Karl et al., 2008) . The blend of these induced emissions can significantly differ from constitutive emissions, although not always (Staudt and Bertin, 1998; Kleist et al., 2012; Niinemets, 2010a) . Furthermore, short-and long-term heat effects are often different with the emissions enhanced over the short term and reduced over the long term (Kleist et al., 2012; Loreto et al., 1998) due to reasons not fully understood. In fact, to our knowledge, heat-dependent regulation of expression of terpenoid synthases, the enzymes responsible for formation of terpenoids, has not been studied.
Even though temperature is a primary environmental factor for tree growth and development (Way and Oren, 2010) and for CO 2 assimilation in woody plants (Jia et al., 2016) , similar to herbaceous plants, high temperature stress also has a considerable impact on gas exchange, and emission of volatile isoprenoid, and GLVs. Usually, in natural habitats, high temperature stress is accompanied by draught stress causing detrimental physiological effects on woody plants where different degrees of acclamatory responses of isoprene emission and photosynthesis, and light and dark respiration were especially observed due to high ratio of respiration to photosynthesis and also to higher quantity of carbon loss upon isoprene emission (Centritto et al., 2011) .
Previous studies have revealed the distribution of terpene synthase (TPS) genes and their evolutionary relationships (Sharkey et al., 2013) in several plant species including Arabidopsis (Aubourg et al., 2002) , poplar (Populus trichocarpa) (Tuskan et al., 2006) , apple (Malus domestica) (Velasco et al., 2010) , papaya (Carica papaya) (Ming et al., 2012) , date palm (Phoenix dactylifera) (AlDous et al., 2011) , pear (Pyrus bretschneideri) (Wu et al., 2013) , maize (Zea mays) (Schnee et al., 2002) , rice (Oryza sativa) (Wilderman et al., 2004) , and tomato (Solanum lycopersicum) (Falara et al., 2011) . The TPS gene family in S. lycopersicum consists of at least 44 TPS genes, of which 29 have been shown to be functional genes of corresponding TPSs (Falara et al., 2011) involved in the synthesis of mono-, sesqui-and diterpenes (Colby et al., 1998; Schilmiller et al., 2009; Schilmiller et al., 2010a; Falara et al., 2011) . Solanum lycopersicum TPSs have a large sequence diversity and are distributed among all known angiosperm TPS clades, from TPS-a to TPS-g (Falara et al., 2011) . These genes are expressed in different plant tissues (Falara et al., 2011) , but not all of the synthases have been functionally characterized and the expression response of most genes to environmental stimuli is unknown.
Solanum lycopersicum is a constitutive mono-and sesquiterpene emitter under natural conditions (Jansen et al., 2009; Maes and Debergh, 2003) , and these emissions are highly enhanced by both biotic and abiotic stresses (Copolovici et al., 2012; Maes and Debergh, 2003; Jansen et al., 2009 ). In the case of leaf terpenoid emissions, two genes are likely of special significance, b-phellandrene synthase gene (TPS20, located in chromosome 8 and belonging to the TPS-e/f clade) and (E)-b-caryophyllene/a-humulene synthase gene (TPS12, located in chromosome 6, and belonging to the TPS-a clade (Falara et al., 2011) ). Both of these genes are expressed in leaves with the activity concentrated in glandular trichomes, especially for TPS20 (Falara et al., 2011; Schilmiller et al., 2009) . In a previous study, both constitutive and heat-enhanced monoterpene emissions in S. lycopersicum were dominated by b-phellandrene, while sesquiterpene emissions were dominated by a-humulene (Copolovici et al., 2012) . However, it remained unclear how the heat-dependent changes in emissions are associated with gene expression profiles. Furthermore, timedependent modifications in terpene emissions after heat stress were not monitored in this study. In fact, there is overall limited information of the timing of gene expression response and resulting changes in trait expression. Cleary, there is a certain delay between elicitation of gene-level response and modifications in phenotype (Li et al., 2006; Mohyedinbonab et al., 2013; Straube et al., 2015) , e.g. time-delays between biochemical elicitor application and onset of terpenoid synthesis have been demonstrated (Martin et al., 2003; Miller et al., 2005) , but how rapidly the heat-elicited expression response is converted to modified terpenoid emission response has not been studied.
The aim of the present study was to investigate the effects of heat stress on leaf photosynthesis, LOX volatile and terpenoid emissions, and expression of b-phellandrene and (E)-b-caryophyllene synthase genes in S. lycopersicum. Both the responses to the immediate heat stress and recovery in these traits upon return to lower temperature were monitored to gain insight into the recovering capacity of leaves in dependence on the severity of heat stress and time of recovery, and estimate the correspondence between changes in gene expression and terpenoid emission through the recovery period. The results of the study demonstrate that short-term heat stress enhanced terpenoid emissions, but the expression of terpenoid synthases was reduced, leading to reduction in emissions in long-term with a certain recovery depending on the severity of heat stress.
Material and methods

Plant material and growth system
Tomato (S. lycopersicum L. cv. Pontica, seed source Starsem, Romania) seeds were sown in a commercial potting soil (Biolan Oy, Kauttua, Finland). After germination, the seedlings were transplanted and grown in 1 L clay pots in a plant growth room under controlled conditions of light intensity of 400 mmol m À2 s À1 (HPI-T Plus 400 W metal halide lamps, Philips) for 12 h light period, day/ night temperatures of 24/18 C, and relative air humidity of 60%. The plants were watered daily to soil field capacity and fertilized once a week till completion of the experiment with a combined NPK (5:5:6) fertilizer with micronutrients (B (0.01%), Cu (0.03%), Fe (0.06%), Mn (0.028%), Zn (0.007%)). Each time, 70 mL of fertilizer solution (0.5% solution of the concentrated liquid fertilizer) was applied to every plant. The experimental treatments started when the plants were 25 days old. In all experiments, we used 25-30 cm tall plants, with similar biomass, stem thickness and number of fully mature leaves.
Experimental protocol
Two identical experiments were run in parallel, one to monitor time-dependent changes in foliage gas-exchange rates, chlorophyll fluorescence and emission rates of volatile organic compounds ( VOCs), and the other to estimate time-dependent changes in gene expression. Because for gene expression, leaves had to be destructively harvested, separate plants had to be used for the two types of measurements.
For the experimental treatments, 3-4 fully mature leaves were selected on each individual plant. Before the treatment, emission rates of volatiles, dark-adapted chlorophyll fluorescence yield (F v / F m ), net assimilation rate (A) and stomatal conductance to water vapor (g s ) were measured (section Chlorophyll fluorescence and gas exchange measurements). First, the measurement for volatile emission were conducted by a gas-exchange system using all the leaves selected, and thereafter measurement for F v /F m , A, and g s were carried out on a single leaf selected from all the experimental leaves.
After these measurements in non-treated plants, the leaves were subject to the heat shock treatments of 25 (control treatment), 37, 41, 46 and 49 C for 5 min by immersing them in distilled water at the target temperature according to the procedure of Frolec et al. (2008) and Copolovici et al. (2012) . Highly stable temperature of the immersion medium was achieved with a thermostat (VWR International, West Chester, Pennsylvania, USA).
After the heat treatment, leaves were left to air-dry for ca. 5 min, and all physiological measurements were repeated. The sampling of volatiles together with stabilization of gas flows took ca. 25-30 min (see the next section), F v /F m measurements ca. 30 min. (first measurements taken in ca. 1 h since heat treatment), and A and g s measurements 20-30 min. (first measurement taken in ca. 1.5 after the heat treatment). The physiological measurements were repeated in 2 h, 6 h, 10 h and 24 h after the completion of the first set of measurements. All the treated leaves were used for volatile measurements, while the same leaf initially selected for measurement of photosynthetic characteristics was used for F v /F m , A and g s measurements.
Volatile sampling and GC-MS analyses
For volatile sampling, we used a custom-made temperaturecontrolled gas-exchange system with a temperature-controlled glass chamber described in detail by Copolovici and Niinemets (2010) . Before enclosure of leaves in the chamber, the background volatile samples were collected from the empty chamber. After the leaves were enclosed in the chamber, the following conditions were established: light intensity at leaf surface of 700 mmol m . We used ambient air purified by passage through an activated carbon filter and custom-made ozone trap as in Copolovici and Niinemets (2010) . Volatile sampling was started after stabilization of gas flows and leaf gas-exchange rates, typically in 5-10 min after leaf enclosure. Volatiles were collected onto a stainless steel cartridge using a constant flow air sample pump (210-1003MTX, SKC Inc., Houston, TX, USA) with a flow rate of 200 mL min À1 for 20 min. The cartridges were filled with carbonbased adsorbents Carbotrap C 20/40 mesh, Carbopack B 40/ 60 mesh and Carbotrap X 20/40 adsorbents (Supelco, Bellefonte, USA) for quantitative adsorption of volatiles in C 5 -C 15 range (for detail see Kännaste et al., 2014) . A Shimadzu 2010 Plus GC-MS system with Shimadzu TD20 automated cartridge desorber (Shimadzu Corporation, Kyoto, Japan) was used for volatile analysis as described in detail in previous papers of the team (Copolovici et al., 2009; Toome et al., 2010; Kännaste et al., 2014) . Lipoxygenase pathway volatiles (LOX), also called green leaf volatiles, including n-pentanal, n-hexanal, (E)-2-hexenal, and 2,4-hexadienal, n-hexanol, (Z)-3-hexenol, 5-hexen-1-ol and mono-and sesquiterpenes were quantified. Pure standards (Sigma-Aldrich, St. Louis, MO, USA) were used for compound identification and GC-MS calibration.
Chlorophyll fluorescence and gas exchange measurements
A portable gas-exchange chlorophyll fluorescence system (Walz GSF-3000, Walz GmbH, Effeltrich, Germany) was used for the measurements of chlorophyll fluorescence (F v /F m ), the rate of net CO 2 assimilation (A) and stomatal conductance to water vapor (g s ) immediately after volatile measurements. The baseline conditions used for these measurements were: leaf temperature of 25 C, ambient CO 2 concentration of 400 mmol mol
À1
, air humidity of 60%
and light intensity of illuminated leaves of 700 mmol m À2 s
. The leaves were enclosed in the Walz 3055-FL leaf chamber fluorimeter and dark-adapted for 30 min. Thereafter the minimum darkadapted quantum yield, F 0 , was measured, and an 1 s saturating light pulse of 7000 mmol m À2 s À1 was given to measure the maximum fluorescence yield, F m , and obtain the dark-adapted quantum yield, F v /F m . Then light was switched on and net CO 2 assimilation rate and stomatal conductance to water vapor were recorded after these characteristics stabilized, in 20-30 min after switching on the light.
Estimation of leaf dry mass per unit area
After the measurements, all leaves were harvested and scanned at 300 dpi to determine leaf area with a custom-made software. Leaves were further oven-dried for 48 h at 70 C and their dry mass was estimated, and leaf dry mass per area (M A ) was calculated. For comparison with other studies, the estimates of M A were used to calculate the volatile emission rates per unit dry mass that are sometimes the only values reported 
Leaf sampling for qPCR
Sampling of leaf material for qPCR occurred in parallel with physiological measurements using separate plants of the same age and size. In each case, all selected leaves were treated, and different plants were used for each temperature treatment. The timing of leaf sampling for qPCR followed that of volatile measurements, only that the first qPCR sample after heat stress exposure was taken in 2 h rather than immediately after heat stress, given that the elicitation of gene expression is typically time-consuming (Byun-McKay et al., 2006) . The collected leaf samples were immersed in liquid nitrogen and stored in À80 C until RNA extraction.
RNA extraction and cDNA synthesis
Plant RNA was extracted from leaf tissues using the RNeasy Plant mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol after homogenization of foliage with mortar and pestle in liquid nitrogen. The concentration of extracted RNA was measured by Biophotometer Plus (Eppendorf; Germany) and adjusted as needed with nuclease-free or diethyl pyrocarbonate (DEPC)-treated water. One microgram of RNA was reverse-transcribed using iScript cDNA Synthesis Kit (Bio-Rad Laboratories Inc., Hercules, California, USA).
qPCR primer design
The genes included in this study are expressed in vivo in tomato leaves (Schilmiller et Table 1 .
qPCR conditions
To assay the modifications in tomato gene expression under heat stress, qPCR was conducted with the ViiA TM 7 qPCR System (Applied Biosystems, Courtaboeuf, France). The reaction was performed in 25 mL volume containing 10 mL 2 Â iQ SYBR Green Supermix (Bio-Rad Laboratories Inc.), 300 nM of each primer and 1 mL of 5-fold-diluted cDNA. The PCR reactions were run in an ABI Sequence Detection System (Applied Biosystems) using the following program: 50 C for 2 min, 95 C for 10 min and 40 cycles of 95 C for 15 s and 60 C for 1 min. A melt curve analysis was carried out to recognize possible non-specific amplifications. The dissociation program was set up as follows; 95 C for 15 s, 60 C for 15 s followed by 20 min of slow temperature ramp from 60 C to 95 C. Three replicates of each reaction were performed and ultimately two different reference genes that showed the most stable expression profile (SAND and CAC, Table 1 ) were used as the internal controls to normalize gene expression levels. Relative changes in gene expression were quantified according to the 2 ÀDDCT method as described by Livak and Schmittgen (2001) . The qPCR assay efficiency for (E)-b-caryophyllene synthase gene was between 83.6-115.5% and for b-phellandrene gene was between 83.8-116.8%.
Data analyses
All temperature treatments were replicated with at least three different plants. Generalized Linear Model (GLM) analyses based on maximum likelihood model fitting were used to test for individual and interactive effects of treatment temperature and recovery time on the emission of total LOX products, total monoterpenes, total sesquiterpenes, and separately for b-phellandrene and b-caryophyllene. We have log transformed the data for GLM, whenever appropriate, to reduce the effects of inequality of variance.
The emissions of the last two compounds were separately analyzed to allow for comparison with their gene expression profiles. In addition, paired samples t-tests were conducted within temperature stress treatments to compare the averages at different times through recovery. Correlations of net assimilation rate, stomatal conductance, emission rates of volatiles and gene expression vs. treatment temperature and recovery time, and correlations among emissions and gene expression levels of b-caryophyllene and b-phellandrene synthases were also analyzed. As a certain delay is expected between gene expression and corresponding change in trait expression, time-delay analysis was conducted to find the time-shift(s) at which the gene expression and volatile release are best aligned (i.e. most strongly crosscorrelated according to the value of the correlation coefficient). Time-delays in the emission response of 2-8 h were tested.
The rate of change in gene expression was determined using first order exponential decay model for downregulation of b-caryophyllene and b-phellandrene synthase genes using nonlinear regression analyses. All statistical analyses were conducted with SPSS Version 23 (IBM SPSS, Chicago, IL, WA), except for the non-linear regressions used for estimation of the rate of change in gene expression that were conducted with SigmaPlot Version 12.5 (Systat Software Inc, San Jose, CA, USA). All statistical effects are considered significant at P < 0.05.
Results
Changes in photosynthetic characteristics upon heat stress
The maximum dark-adapted photosystem II (PSII) quantum yield estimated by chlorophyll fluorescence (F v /F m ) was not affected by 37 C and 41 C temperature treatments compared with controls, but higher temperature treatments, 46 C and 49 C, resulted in significant reductions in F v /F m (Fig. 1) . After treatment at these higher temperatures, there was a progressive timedependent reduction in F v /F m , with some recovery observed at 46 C in 25 h after heat stress (Fig. 1) . Similarly to F v /F m , net CO 2 assimilation (A) was little affected by mild heat stress of 37 C and 41 C, but higher temperature treatments resulted in major reductions in A (Fig. 2A) . However, stomatal conductance to water vapor (g s ) started to decline already at less severe heat treatments, although the variability at 37 C and 41
C was large (Fig. 2B ). Net assimilation rate was invariable Table 1 Sequences of primers for reference genes and monoterpene b-phellandrene and sesquiterpene (E)-b-caryophyllene/a-humulene synthase genes used in this study. (Falara et al., 2011) ) primer was designed on the basis of Schilmiller et al. (2009) and (E)-b-caryophyllene/a-humulene synthase gene (GU647162, Schilmiller et al., 2010a) ; TPS12 according to (Falara et al., 2011) revised nomenclature) primer on the basis of Schilmiller et al. (2010a) .
through the recovery period in leaves exposed to the mild heat stress (Fig. 3A, B ), but g s slightly increased through the recovery period in leaves exposed to 37 C (Fig. 3E ). In the case of severe heat stress, there was a limited recovery in A and g s in leaves exposed to 46 C (Fig. 3C, G) . A certain recovery in A was observed in leaves exposed to 49 C, but by the end of the recovery period, A remained much lower than that in leaves exposed to 46 C. These low levels of A in leaves exposed to 49 C were accompanied by very low values of g s (Fig. 3H) .
Elicitation of lipoxygenase pathway volatiles (LOX products) after exposure to heat stress
No significant emission of LOX volatiles was observed from leaves in the control treatment, but heat stress induced emissions of LOX volatiles, albeit at a low level, in all heat stress treatments (Fig. 4A) . Although the temperature effect was statistically significant and increased LOX emissions initially after heat stress compared to control, no clear patterns in total LOX emission were evident among the heat stress treatments (Fig. 4A) . However, while in all temperature treatments LOX emissions were dominated by hexanal emissions followed by pentanal, 5-hexen-1-ol, and 1-hexanol, the emissions of (E)-2-hexenal, (Z)-3-hexenol, and 2,4-hexadienal were observed only at higher temperatures of 46 C and 49 C (data not shown). LOX emissions decreased significantly with the time of recovery (Fig. 4A) .
Responses of mono-and sesquiterpene emissions to heat stress
Foliar monoterpene emissions were dominated by b-phellandrene, but a-pinene, limonene, p-cymene, 2-carene, D-3-carene, a-phellandrene, (E)-b-ocimene and traces of g-terpinene and terpinolene were also detected in the emission blends. The average (AE) total monoterpene emission rate of control leaves at 25 C was 27.96 AE 17.37 pmol m À2 s
À1
. The only stress-induced monoterpene was (E)-b-ocimene that was not emitted in control plants and increased with increasing treatment temperature reaching values of 1-4 pmol m ). Monoterpene emissions were initially enhanced by heat stress treatment compared to control and the effect was statistically significant, but the emissions gradually decreased with increasing recovery time, especially for milder heat treatments (Fig. 4B) . In fact, emissions in heat-stressed plants even decreased to below the values in control plants at 6 and 10 h after the heat stress. Sesquiterpene emissions were also enhanced immediately after the heat treatment and the emissions decreased during recovery, except for 37 C treatment and 49 C treatment (Fig. 4C) . Recovery time did not have any statistically significant impact on total mono-and sesquiterpene emissions ( Fig. 4B and C) .
Emissions of individual terpenes, the monoterpene b-phellandrene, and the sesquiterpene (E)-b-caryophyllene, were broadly consistent with the total emissions of given terpene classes (cf. Fig. 4B and Fig. 5A and B) . In particular, emissions of b-phellandrene were enhanced immediately after the heat treatment compared to control and the emissions decreased to a low value in 6 and 10 h after heat treatment and slightly increased again in 24 h after heat treatment (Fig. 5A) . Furthermore, the treatment effect on b-phellandrene emission was statistically significant. In the case of (E)-b-caryophyllene, after the initial enhancement, the emissions from treated leaves were decreased in 2 h, followed by an increase for leaves treated with 37 C and 49 C (Fig. 5B ). Recovery time did not have any statistically significant impact on b-phellandrene and (E)-b-caryophyllene emission ( Fig. 5A and   B ).
3.4. Expression profiles of studied terpenoid synthase genes in response to heat stress Heat treatment resulted in downregulation of expression of both b-phellandrene (Fig. 6) and (E)-b-caryophyllene (Fig. 7) synthase genes in 2 h after the stress treatment compared to the control plants. In the case of b-phellandrene synthase gene C. In these experiments, 25-day-old plants were used and the heat treatment consisted of 10 min heating at given temperature. C. Each symbol corresponds to an individual replicate. Data were fitted by linear regressions, whereas a segmented regression was used for (A) that apparently had a breaking point at 41
C. Statistical significance of regressions as: * ÀP < 0.05, *** ÀP < 0.001. expression in leaves treated with 37 C and 41 C, this suppression of gene expression continued for 2-10 h after the heat treatment, and the expression level reached the pre-stress level in 24 h (Fig. 6) . However, no recovery was observed for leaves treated with 46 C and only partial recovery was observed for leaves treated with 49 C (Fig. 6 ). The expression response was similar for (E)-b-caryophyllene synthase gene expression, except that the recovery at 24 h was only partial for leaves treated with 37 C and 41 C. For both terpene synthase genes, the initial rate of gene expression was in most cases greater immediately after the heat stress treatment at 2 h than at 6 and 10 h (assuming the first order constant decay kinetics through the declining phase of gene expression), reflecting leveling off the decrease and onset of recovery of the gene expression response (Table 2 ). According to regression analyses, expression of b-phellandrene and (E)-b-caryophyllene synthase genes in leaves treated with different temperatures was correlated through the recovery phase except for the treatment with 37 C (Fig. 8) .
Expression of terpene synthase genes versus terpene emission through heat treatments
Positive correlations among the emission rates of b-phellandrene and (E)-b-caryophyllene gene expression levels through recovery period were observed for the treatments with 37 C (Fig. 9A, E ) and 41 C (Fig. 9B, F) , while no correlation was observed for the treatment with 46 C (Fig. 9C , G) and even negative correlations were observed for the treatment with 49 C (Fig. 9D,  H) . According to the time-delay analysis, the cross-correlations were in most cases improved by introducing shifts of 2-4 h in emission responses with 2 h shift generally providing the strongest correlation (Table 3 ). In particular, introducing a lag-time between expression and emission resulted in positive correlations among expression and emission of both b-phellandrene and (E)-b-caryophyllene in leaves treated with 49 C (Table 3) . Nevertheless, the time-delay analysis did not identify any correlations for the 46 C treatment (Table 3) .
Discussion
Application of heat stress on Lycopersicum L. cv. pontica leaves
We note that heat stress affects the plants on heat dose (heat sum) dependent manner that is dependent on both the actual temperature and the duration of the heat episode (temperature X exposure time above the heat stress threshold) (Bilger et al., 1984; Kask et al., 2016) . Although chronic heat stress can affect plants quite differently due to secondary acclimation responses (Kask et al., 2016) , we consider the heat shock treatments as representative for quantitative characterization of plant response to different stress levels.
Response of tomato leaf photosynthetic characteristics to heat stress
Leaf net assimilation rates typically decline at supra-optimal temperatures, even under sustained moderate heat stress conditions of 35-40 C Hüve et al., 2012 Hüve et al., , 2006 Rasulov et al., 2015a) . Such a moderate heat stress response is reversible and characteristically results from reductions in stomatal conductance to water vapor (g s ) (Hüve et al., 2012; Hüve et al., 2006; Copolovici et al., 2012) and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) activity caused by impaired Rubisco activase activity at high temperatures (Haldimann and Feller, 2004; Hüve et al., 2011; Salvucci and CraftsBrandner, 2004; Kim and Portis, 2005) as well as from partly impaired photosynthetic electron transport activity, mainly due to reduced activity of photosystem (II) Rasulov et al., 2015a; Hüve et al., 2012 Hüve et al., , 2006 . Exposure of plants to high temperature stress impairs photosynthetic apparatus associated with increased membrane fluidity (Copolovici et al., 2005) . In addition, exposure to higher temperatures can cause irreversible damage of photosystem II and the oxygen-evolving complex ATPase (Camejo et al., 2006; Hüve et al., 2011 Hüve et al., , 2006 , leading to time-dependent reductions in photosynthetic characteristics (Hüve et al., 2012) . Analysis of foliage photosynthetic characteristics indicated that in our study, 37 C and 41 C treatments had a minor impact on foliage photosynthetic characteristics with some changes in only stomatal conductance in leaves treated with 37 C (Figs. 1-3A , B, E, F). However, the treatment with 46 C was a moderately severe stress that resulted in only a partial recovery of the maximum dark-adapted quantum yield of PSII (Fig. 1) , while the treatment with 49 C constituted a severe heat stress that was associated with very limited recovery (Fig. 3D) . As both F v /F m ( Fig. 1) and g s (Fig. 3H ) remained low at this latter treatment, both biochemical and stomatal factors likely limited net assimilation at this acute stress treatment. Overall, these results are consistent with the previous observations that tomato leaf resistance to shock-heating is between 49 and 51 C (Copolovici et al., 2012) .
Emission of LOX products under elevated temperatures
LOX volatiles (green leaf volatiles) are synthesized through lipoxygenase pathway from free fatty acids released by phospholipases in response to various stresses that lead to physical membrane damage (Matsui et al., 2012; Scala et al., 2013; Copolovici et al., 2012; Dicke et al., 1999; Loreto et al., 2006) , including severe heat stress (Copolovici et al., 2012; Porta and Rocha-Sosa, 2002) . In S. lycopersicum, Jansen et al. (2009) reported that biotic stress caused by necrotrophic fungus Botrytis cinerea infection led to a rich blend of LOX product consisting of (E)-3-hexenal, (Z)-3-hexenol, (E)-2-hexenal, 1-penten-3-ol and (Z)-3-hexenyl acetate. However, Copolovici et al. (2012) showed that heat-stressed tomato emissions were dominated by three LOX products (Z)-3-hexenol and (E)-2-hexenal, and 1-hexanol similar to our study. However, slightly higher LOX emissions were observed in Copolovici et al. (2012) with particularly strong emission bursts observed between 49 and 51 C. In our study, such strong emission bursts were absent and the release of LOX products was similar across the treatments (Fig. 4A) , reflecting slightly stronger heat resistance than in the previous study, perhaps associated with the use of more southern cultivar (an Estonian cultivar cv. Mato used in the study of Copolovici et al. (2012) vs. a Romanian cultivar cv. Pontica used in the current study).
Emission of monoterpenes and sesquiterpenes under elevated temperatures
Solanum lycopersicum is a constitutive terpene emitter (Copolovici et al., 2012; Jansen et al., 2009; Schilmiller et al., 2009 Schilmiller et al., , 2010a . These terpene emissions mainly rely on its specialized storage tissues for terpenes, glandular trichomes, where the de novo terpene synthesis is most active (Schilmiller et al., 2009 (Schilmiller et al., , 2010b Falara et al., 2011) . Under non-stressed conditions, the release of terpenoids occurs at a very low level (Fig. 4B in this study; Copolovici et al., 2012; Jansen et al., 2009 ). As our study and the study of Copolovici et al. (2012) demonstrate, heat stress result in a major enhancement of terpenoid emissions (Fig. 4B, C) . However, while constitutive and heat-enhanced monoterpene emissions were dominated by b-phellandrene in Copolovici et al. (2012) and in our study, sesquiterpene emissions were dominated by a-humulene in Copolovici et al. (2012) and by (E)-b-caryophyllene in our study. Such difference might reflect different cultivars used in these two studies as well as more severe heat stress applied in Copolovici et al. (2012) .
While Copolovici et al. (2012) looked only at the initial enhancement of terpenoid emissions immediately after heat stress, analysis of the recovery after heat stress demonstrated that the immediate enhancement is transient and the emissions Fig. 1 for heat treatments) . Data are means AE SE. Means with the same letter are not statistically different (P < 0.05) according to paired-samples t-tests.
decay over time (Fig. 4B, C, Fig. 5 ). In principle, changes in emissions through heat treatments and the following recovery can occur by four different mechanisms that are not mutually exclusive. First, heat stress can either damage or increase the permeability of epithelial and epidermal layers of glandular trichomes, thereby resulting in enhanced emissions until the terpenoid pools are either exhausted or the damage locations become sealed as the result of terpenoid oxidation and Figures 6 and 7 show time-dependent changes in gene expression. The rate of change in gene expression was calculated according to a first-order decay model using in each case the measurements in the control treatment at t = 0 as the reference gene expression level. Means within treatment temperatures were compared with one-way ANOVA followed by Tukey's test and different letters indicate means that are statistically different at P < 0.05.
polymerization (e.g., Loreto et al., 2000) . Although plausible, such an explanation is not consistent with the correlations observed between gene expression and emission rate (see below, Fig. 9 and Table 3 ). Moreover, a physical damage exposing the trichome contents to ambient air is expected to result in a much stronger and sustained emission response. Second, synthesis of monoterpenes scales positively with temperature due to the positive effects of temperature on the enzymatic activity of monoterpene synthases (Fischbach et al., 2000; Grote et al., 2006; Niinemets 2010a) . Thus, faster synthesis of monoterpenes during the heat period could explain the higher emission rate immediately after the heat stress. However, monoterpene synthases typically have a relatively low optimum temperature, at around 40 C (Niinemets et al., 2002b for a review), and given the short duration of the heat treatment, it seems unlikely that temperature-dependent transient speeding-up of synthase activities alone was responsible for the heat enhancement of the emissions right after the heat treatment.
Third, heat treatments could have altered the substrate availability for terpenoid synthesis. Given that monoterpenes are synthesized in plastids, including the monoterpenoids in tomato glandular trichomes (Schilmiller et al., 2009 (Schilmiller et al., , 2010b Falara et al., 2011) , via the plastidial 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP) pathway, and sesquiterpenes in cytosol via mevalonate (MVA) pathway, substrate-level regulation can differ among the different terpenoid classes. In fact, monoterpene emission was more variable during the recovery phase than sesquiterpene emission (cf. Fig. 4B and C) , possibly reflecting this circumstance. As the plastidial monoterpene synthesis typically relies on substrates provided by photosynthetic metabolism (Rajabi Memari et al., 2013; Rosenkranz and Schnitzler, 2013) , the rates of monoterpene emission and photosynthesis are often correlated (Kesselmeier et al., 1996; Loreto et al., 1996; Staudt and Lhoutellier, 2011; Niinemets et al., 2002a) , possibly reflecting the control of MEP/DOXP by the availability of plastidic NADPH and ATP (Niinemets et al., 2002a; Rasulov et al., 2009 Rasulov et al., , 2015b . However, because photosynthesis was not affected, a reduction in substrate supply due to reduced foliage photosynthesis clearly cannot explain reduced monoterpene emissions during the recovery in leaves treated with 37 C and 41 C (cf. Figs. 1-3 and Fig. 4B ). Furthermore, given that the photosynthetic potential of glandular trichomes is likely very low due to low expression of key photosynthetic enzymes (Schilmiller et al., 2010a) , it is even not clear to what extent monoterpene synthesis in glandular trichomes relies on immediate photosynthetic metabolites. On the other hand, MEP/DOXP pathway products are also used for larger isoprenoids such as carotenoids and phytol residue of chlorophyll, and cytosolic MVA pathway products for phytosterols, inhibition of synthesis of these larger isoprenoids could have made the substrates available immediately after the heat stress in both plastids and cytosol.
Fourth, modified gene expression patterns could have led to changes in enzyme amounts. Indeed, heat stress was associated with major changes in gene expression patterns (Figs. 6 and 7) , suggesting that such a control is plausible (see next section). In fact, similar modifications in mono-and sesquiterpene emissions upon treatments and recovery suggest that the same mechanism may be responsible for the alterations in the emissions of monoand sesquiterpenes in tomato. A gene-expression level control can provide such a common regulatory mechanism.
Apart from herbaceous plants, thermal stress affects woody plants almost similarly. Application of heat stress on some woody species showed that, above certain threshold temperatures, constitutive de novo monoterpene emissions decrease largely when enhanced temperatures act as thermal stress. In the case of monoterpenes emitted from storage pools, higher rate of monoterpene emission was observed that was due to the damage of membranes surrounding the resin ducts and such monoterpene emission was associated with a pulse of LOX emissions. Moreover, application of thermal stress above heat stress threshold declined C) through recovery times (0.5-24 h). Each data point corresponds to an average estimate at different recovery time (Fig. 1 for heat treatments, and Figs. 6 and 7 for variation in expression levels of both synthase genes with treatment temperature and time of recovery). Statistical significance as: *P < 0.05, **P < 0.01.
de novo sesquiterpene emission suggesting that heat induces irreversible effects on de novo emissions of mono-and sesquiterpenes (Kleist et al., 2012) .
Volatile isoprenoids such as isoprene (Sharkey and Singsaas, 1995; Singsaas et al., 1997) and monoterpenes (Loreto et al., 1998; Delfine et al., 2000) improves thermotolerance of plants such that they protect membranes during heat stress by enhancing stability of membrane liquid-crystalline phase (Copolovici et al., 2005; Sharkey and Singsaas, 1995; Sharkey, 1996) Furthermore, heat stress also acts as an oxidative stress and in this case, isoprene and monoterpenes acting as antioxidents protect plants from heat associated with oxidative stress (Copolovici et al., 2005; Loreto and Velikova, 2001 ).
Expression profiles of key mono-and sesquiterpene synthase genes in response to heat stress
Heat stress treatment and time-dependent changes in b-phellandrene emission (Fig. 5A ) were similar to changes in total monoterpene emission (Fig. 4B) , and changes in (E)-b-caryophyllene emission (Fig. 5B) were similar to modifications in total sesquiterpene emissions and in particular, comparing Fig. 4B and Fig. 5A , and Fig. 4C and Fig. 5B , we found that b-phellandrene emission contributes to a larger portion of total monoterpene emission and (E)-b-caryophyllene emission contributes to a larger portion of total sesquiterpene emission indicating that these two terpenoids were representative to the corresponding terpene classes. Thus, we analyzed the transcript abundance of S. lycopersicum b-phellandrene synthase gene (TPS20) and (E)-b-caryophyllene/a-humulene synthase gene (TPS12) to test whether the expression of these two genes is altered by heat stress treatment through the recovery period. We observed a rapid reduction in the expression of both of these genes after heat stress treatments (Table 2) , and low expression level between 2 and 10 h in all cases (Figs. 6 and 7) . In the case of lower treatment temperatures of 37 and 41 C, there was almost a full recovery of gene expression levels by 24 h after heat treatment (Figs. 6 and 7) . In the case of more severe heat stress, the recovery was absent, except for partial recovery of (E)-b-caryophyllene/a-humulene synthase gene expression at 49 C (Fig. 7) . Although the b-phellandrene synthase is a plastidic enzyme and the (E)-b-caryophyllene/a-humulene synthase is a cytosolic enzyme, expression of both genes through the recovery period was highly coordinated (Fig. 8 ). This suggests that the same transcription factor is regulating their activity, which is not surprising given the co-localization of their expression activity in S. lycopersicum leaves, in particular in leaf Type VI glandular trichomes (Falara et al., 2011) . Further work is needed to characterize the pertinent transcription factor and its regulation by different temperatures to gain insight into the temporal kinetics of terpenoid gene expression elicited by heat stress. Heat stress induces the transcriptional regulation of some important genes involved in heat stress responses. Thermal stress triggered heat stress signalling (Schoffl et al., 1998) and upregulated protective heat shock protein (HSPs) genes, HSP18 and HSP21, in the roots and leaves of Populus alba Â Populus tremula var. glandulosa saplings (Jia et al., 2016) . However, certain types of HSP genes such as HSP40, HSP60, HSP70 and HSP80 were downregulated in response to heat stress suggesting that HSPs act differently (Song et al., 2014) . In addition, heat stress downregulated some primary metabolism genes involved in light reaction, calvin cycle, and photorespiration (see Song et al. (2014) for further details). Overall, these findings suggest that the downregulation of secondary metabolism genes such as (E)-b-caryophyllene synthase and b-phellandrene genes studied here seem to follow the response for the downregulation HSP genes and primary metabolism genes in response to heat stress.
From synthase genes to emission: importance of consideration of time-delays
In a steady-state, there is evidence of a strong relationship between the product abundance in the blend of volatile terpenoids of S. lycopersicum and the level of expression of respective genes, e.g., a correspondence between the transcript abundance and the abundance of their products has been observed for TPS3 (camphene synthase) and TPS12 (Falara et al., 2011) . In our study, in transient conditions after the heat stress when both the gene expression and the emission rates varied, the overall correlation between gene expression and emission rate was poor, especially at higher temperatures where the gene expression and product emission were even negatively correlated (Fig. 9) . However, the time-delay analysis indicated that these non-correlations reflected delays between gene responses and emission with the delay of 2 h providing the best correspondence between gene expression and emission (Table 3 ). In fact, given the significant correlations between the emission and gene expression for leaves treated with 37 and 41 C (cf. Fig. 9 and Table 3 ), the pertinent time-delay might have been even shorter in the case of mild heat stress. Higher resolution gene expression data are needed to test for possible changes in the delay-times with the severity of heat stress.
What factors can control the delay time between gene-level and phenotype-level responses? First, all steps from gene to protein, signal transduction, gene expression and protein synthesis, are time-consuming. Second, for a correlation between the gene product and gene expression to occur, there should be a continuous turnover of the corresponding target protein. In the case of terpene Table 3 Time-delay analysis of the relationship between the emission and gene expression of (E)-b-caryophyllene and b-phellandrene. Both terpenoid emission and gene expression were measured at the same time after the heat stress, and in this analysis, time-shifts of 2-8 h were introduced in the gene expression data to consider the circumstance that a change in gene expression comes first and emission response follows with a certain time delay. After each time-shift, data were fitted by linear regressions. r is the correlation coefficient for the cross-correlation and P the statistical probability.
synthases, there is limited information of the rate of turnover, but herbivory studies have shown that elicitation of synthesis of terpenes occurs within hours after start of herbivory feeding, and the terpenoid emissions reach to background level also within hours after removal of herbivores , supporting the continuous turnover of terpene synthase enzymes. Thus, the way heat stress affects the scaling between the expression of terpenoid synthases and the content of given terpene synthase enzymes depends on heat effects on time-delays between gene expression and protein synthesis and heat effects on protein turnover. A certain inhibition of protein turnover at severe heat stress might explain the weaker relationships of gene expression and emission observed at higher treatment temperatures, especially at 46 C (Table 3 , Fig. 9 ). However, we cannot also rule out substrate-level controls that can be operative simultaneously with gene-level controls. In fact, simultaneous reduction in emission and gene expression in leaves treated with the highest temperature of 49 C (Table 3 ) might simply result from the overall reduction in foliage physiological activity, including RNA and protein synthesis and simultaneous reduction in substrate availability due to curbed photosynthesis rather than reflect a control by gene expression on emission.
Conclusion
This study demonstrated that both mild heat stress that did not affect foliage photosynthetic characteristics and severe heat stress that lead to irreversible photosynthetic reductions resulted in changes in emissions of mono-and sesquiterpenes in S. lycopersicum leaves immediately after heat stress and during recovery. Heat stress also lead to a sharp decline in the expression of b-phellandrene and (E)-b-caryophyllene/a-humulene synthase activity followed by a full recovery in leaves treated by mild heat stress. A time-delay of ca. 2 h was identified between gene expression and emission responses, but the relationships between gene expression and emission through recovery became increasingly weaker with increasing treatment temperature. This study overall underscores the complexity of linkages between gene-level and emission-level responses, especially in the case of severe heat stress that results in non-recoverable perturbation of leaf physiological activity. Such complexity can be partly considered in process-based emission models simulating terpenoid emissions in dependence on gene expression (e.g., Grote et al., 2013) by introducing a "delay factor". However, further studies are needed to gain insight into what controls heat-dependent regulation of transcription activity of terpenoid synthases, and how the delay between gene expression and phenotypic response scales with the severity of heat stress.
